ABSTRACT Chemical carcinogens induce mutations to ouabain resistance in the transformable mouse fibroblast cell line C3H/1OT1/2 Cl 8. The mutant phenotype is stable and heritable in the absence of selective agent, and dose-response curves for mutant frequency were obtained with N-methyl-N'-nitro-N-nitrosoguanidine, 3-methylcholanthrene, benzo[apyrene, N-acetoxy-N-2-acetylaminofluorene, and the anti-7,8-diol-9,10-epoxide of benzo [a]pyrene. The ratio of the malignant transformation frequency to the mutation frequency was 12 for benzo[a pyrene and 21 for-N-acetoxy-N-2-acetylaminofluorene. The development of the mutational assay reported here allows the use ofthis permanent cell line for comparison of mutation and transformation frequencies and as a screening system for xenobiotics that pose mutagenic or carcinogenic hazards to mammalian cells.
It is well known that chemical carcinogens can induce malignant transformation in mammalian cell systems (1) (2) (3) (4) (5) (6) (7) (8) (9) . However, it is not known with certainty if chemically induced transformation is a mutational event, and the precise molecular and cellular alterations that result in transformation have not been identified.
The carcinogen-induced transformation frequencies reported (1) (2) (3) (4) (5) (6) (7) (8) (9) are generally of the order of 102 to 103 times greater than carcinogen-induced mutation frequencies measured in different mammalian cells (10) (11) (12) (13) (14) , and these comparisons have recently been reviewed (15) . When mutation and transformation were induced in the same cells by the same agent, ratios of transformation to mutation frequencies of 20 (16) , (17, 18) , and 10 (19, 20) have been reported. However, some of these ratios of transformation to mutation frequencies could be artificially high due to the nontumorigenicity of some of the morphologic transformants in some systems. These ratios could be useful because they might help to define the number of genes that are targets for transformation.
In addition to the theoretical utility of ratios of transformation to mutation frequencies obtained in the same cells, comparisons of mutagenesis and transformation are also potentially helpful to standardize the use of the mutagenic potential of agents as a predictor of their possible oncogenic potential (10) (11) (12) (13) (14) (21) (22) (23) ).
Consequently we have established and characterized a mutational assay for ouabain-resistant mutants in the C3H/LOT1/2 Cl 8 mouse fibroblast cell line (24) , in which we have established a correspondence between morphologic and malignant transformation (7) .
Ouabain resistance (Ouar), which has been shown to be induced in many mammalian cell types by known mutagens (25) (26) (27) (28) (29) , results from an altered sodium-potassium adenosinetriphosphatase (Na+,K+-ATPase) that no longer binds ouabain (Oua) or binds it less tightly than the wild-type enzyme does (27) . During the preparation of this manuscript, Chan and Little demonstrated mutagenesis to Ouar in these cells and showed that ultraviolet light produced a transformation/ouabain resistance ratio of 10 (20) .
MATERIALS AND METHODS Cell Culture Procedures. The C3H/1OT1/2 Cl 8 cell line has been described in detail elsewhere (24) . Briefly, it is a hypotetraploid permanent fibroblast cell line derived from C3H mouse embryos, and has an extremely low level of spontaneous transformation. The cells are carried in basal Eagle's medium plus 10% fetal calf serum (GIBCO) and passaged as described (24) . Fluorescent lights were not used in the laminar flow hoods in which this work was done.
Cloning. To derive Ouar cell lines, clones were ring-isolated (30) The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. (31, 32) , or by the ratio of the observed number of mutant colonies to the number of surviving cells.
Transformation and Toxicity Assays. Cytotoxicity and transformation assays were performed as per ref. 7 ; only type III foci were scored as transformed. The cytotoxicity and transformation assays were performed with cells of the same passage number, with the same medium and serum, and with the same 48-hr exposure to carcinogens as were the mutation assays. The medium was changed to medium lacking carcinogen in the cytotoxicity and transformation experiments when the mutation assay was reseeded for selection. Transformation frequencies were calculated by the ratio of type III foci (7) Fig. 1) . Decreasing the K+ concentration in the medium increased the toxicity of Oua (Fig. 1) , an effect previously seen in L cells (25) (25) . Because the survival of C3H/1OT1/2 cells was too high (10-2) in 1 mM Oua, we used 16-day exposure to 3 mM Oua with medium changes on days 6 and 12 to select mutants. hr after plating. Cells were then rinsed in medium, the medium was decanted, and fresh medium was added. After an expression time of 48 hr, the cells were replated in selective medium. Control cells were treated with 0.5% acetone. Results were calculated using the observed number of colonies.
Spontaneous mutants were rare in this system (<5 X 10-6).
With MNNG-induced mutants, the mutant frequency was independent of the number of cells reseeded for selection and of the number of medium changes to fresh medium containing Oua during selection ( Table 1) . Stability of Ouar Clones. Ouar clones induced by 6.7 ,iM MNNG were ring-isolated, grown to mass cultures and passaged in the absence of Oua, and tested for resistance at various time Oua was added 1 day after plating, and the medium was changed on days 7 and 13. On day 16 the cells were fixed and stained, and the colonies were counted. 0, Medium containing 6.9 mM K+; *, medium containing 3.7 mM K+; A, medium containing 0.5 mM K+. In this and all succeeding figures, a symbol lacking error bars has a standard deviation less than the size of the symbol. A A over a symbol indicates that the survival fraction was less than or equal to the value indicated by the symbol. 
400-to 10,000-fold more resistant to 3 mM Oua than wild-type C3H/OT1/2 cells. All clones studied remained resistant after one month of passaging in the absence of selective agent (data not shown). Three of the four N-AcO-AAF-induced clones had relative survival fractions of greater than 50% in 6 mM Oua (not shown). Representative survival curves for some of the Ouar clones are shown in Fig. 2 .
To determine whether any of the Ouar clones were transformants, the doubling times and saturation densities of two MNNG-induced and four N-AcO-AAF-induced Ouar clones were determined. The doubling times were the same as those of the wild-type cells, and their saturation densities were lower than that of an MCA-transformed clone derived in this laboratory, MCA Cl 16, which forms thick multilayers that are distinct from the flat monolayers formed by the parent C3H/1OTL/2 cells. After passaging for 2 months after selection, none of the 27 (Fig. 4) and N-AcO-AAF (Table 2) , the frequency of Ouar mutants increased linearly with low concentrations of the compounds in the medium. For the precarcinogens, BaP (Table  2) and MCA (not shown), the mutant frequency initially increased but then declined. The mutant colonies induced by BaP, MCA, N-AcO-AAF, and the anti-7,8-diol-9,10-epoxide of BaP were much smaller than the MNNG-induced colonies.
The slopes of the dose-response curves for various carcinogens are listed in Table 3 . The most toxic compound was the anti-diol-epoxide of BaP, and it was also the most mutagenic. When the results were tabulated as mutants per survivor at LD37 (the concentration at which 37% of the cells survived), the ultimate carcinogens MNNG, N-AcO-AAF, and the diolepoxide were approximately equally effective at producing mutants; the precarcinogens, BaP and MCA, were more effective at inducing mutants than the ultimate agents. The ratios of the frequency of malignant transformation to mutation frequency at the Ouar locus were measured in C3H/1OT1/2 cells. For these experiments, mutation frequencies were calculated by the Poisson formula. With N-AcO-AAF and BaP these ratios were 52 and 26, respectively, if the observed number of transformed foci was used. The ratios were 21 and 12, respectively, if the Poisson formula was used to calculate transformation frequencies (Table 2 ).
DISCUSSION
The codominance of Ouar, as shown by Baker et al. in somatic cell hybrids (25) , undoubtedly was instrumental in our ability to induce Ouar mutants in C3H/1OT1/2 Cl 8, a hypotetraploid cell line. The stability of the resistance after 1 month of culturing resistant clones in the absence of the selective agent, and the ability of known mutagens to increase the frequency of Ouar colonies ( (20) .
All the carcinogens that we tested, both ultimate agents and precarcinogens, were mutagens in these cells and can transform them. All the dose-response curves were linear at low concentrations of compound. BaP and N-AcO-AAF produced ratios of transformation to mutation frequencies of 12 and 21, respectively, in C3H/10T1/2 cells. We used 2 days (1.5 population doublings) for the expression time to generate our doseresponse curves. This time yields about 60% of the maximal induction of mutants by N-AcO-AAF (Fig. 3A) . If we had measured mutation induction at the optimal time (4 days), our ratio of transformation to mutation frequencies would have been 13 rather than 21 with this compound. Our ratios of transformation to mutation frequencies are similar to those reported from three other laboratories (16) (17) (18) (19) (20) . However, before these ratios are accepted as defining the number of target genes for transformation, we wish to point out some anomalies in these assays that render these ratios ambiguous.
First, the expression time curves for mutation to Ouar in C3H/10T1/2 cells show that the induction of Ouar mutations is maximal in about two doublings (3-4 days) and decreases thereafter (this report and ref. 20) . In addition, the transformation frequency is an inverse function of the cell number at risk (7, 33) . Hence, the transformation frequencies, and thus the ratios of transformation to mutation frequencies, are probably greater than those we measured under the conditions used in these assays.
Second, hydrocarbon carcinogens such as BaP and MCA probably produce lesions other than the simple point mutations presumably caused by MNNG, such as frameshift mutations, which might be responsible for efficient induction of transformation, but which are inefficiently scored for by the Ouar assay (27, 29) . This situation could result in an anomalously high ratio of transformation to mutation frequencies. In addition, it must be emphasized that because each chemical agent probably differs in the types of genetic lesions that it produces, the ratio of mutation to transformation frequency could vary with each agent tested and probably would not be a constant.
Third, as demonstrated by Barrett, Ts'o, and colleagues (17, 34, 35) in Syrian hamster embryo cells, transformation is a progressive, multistep process, whereas mutation is probably a single-step process. Hence, mutation may be an overly simplistic model for the overall process of transformation. However, tight correlations between mutagenesis and transformation measured in the same cells might reinforce the hypothesis that the initiation of chemically induced transformation is a mutation.
Finally, several features of the C3H/1OT1/2 cell system make it uniquely suitable for screening environmental chemicals that are potential carcinogens, mutagens, or both. The low level of spontaneous mutants we and Chan and Little (20) Medical Sciences: Landolph and Heidelberger microsomes, and "feeder layers" of rodent or human cells. In addition, eukaryotic cell systems, with their complex mechanisms of growth control and differentiation, should be used simultaneously to assay mutagenesis and oncogenic transformation in order to complement the less expensive bacterial mutagenesis assays, which are currently used as prescreens.
In this connection, we note that V79 cells, which are already transformed, have been used as a mutagenesis screening system when coupled to such activating systems as microsomes (32) , human tissue explants (22) , and primary rat liver cells (23) . However, because transformation occurs 10-100 times more frequently than somatic mutation at one locus, screening systems such as C3H/1OT1/2 that incorporate both in nitro mutagenesis and transformation assays should be more effective in accurately assessing the oncogenic potential of suspected carcinogens.
